Directed self-assembly (DSA) is a promising technique for extending conventional lithographic techniques by being able to print features with critical dimensions under 10 nm. The most widely studied block copolymer system is polystyreneblock-polymethyl methacrylate (PS-b-PMMA). The system is well understood in terms of its synthesis, properties and performance in DSA. However, PS-b-PMMA also has a number of limitations that impact on its performance and hence scope of application. The primary limitation is the low Flory-Huggins polymer-polymer interaction parameter (χ), which limits the size of features that can be printed by DSA. Another issue with block copolymers in general is that specific molecular weights need to be synthesized to achieve desired morphologies and feature sizes. We are exploring blending ionic liquid additiveswithPS-b-PMMAto increase the χ parameter. This allows smaller feature sizes to be accessed by PS-b-PMMA. Depending on the amount of additive it is also possible to tune the domain size and the morphology of the systems. These findings may expand the scope of PS-b-PMMA for DSA.
INTRODUCTION
Three key parameters that are used to measure the performance of photoresists are resolution, line edge roughness (LER) and sensitivity. It is well known that these three performance criteria are linked and thisrelationship is often described as the resolution-line edge roughness-sensitivity (RLS) trade-off. A key aim for the development of photoresists and associated processes is to simultaneously improve RLS. Many gains can be made by optimisation of resist formulations, although more disruptive technologies include the redesign of the resists and such approaches include: polymer bound PAG resists, [1] [2] [3] [4] [5] [6] [7] molecular glass resists [8] [9] [10] [11] [12] [13] [14] [15] [16] and chain scissioning resists. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In particular, polymer bound PAG resists have achieved a great deal of success as EUVL platforms, although improvements are still required for achieving the ITRS goals. Healing of LER following development is another approach that has led to significant improvements in LER. [27, 28] On the other hand, directed self assembly (DSA) of block copolymers is a technique that has demonstrated significant promise for achieving high resolution. DSA is a technique that brings together lithography (top-down) to fabricate patterns that guide the self assembly of diblock copolymers (bottom-up). The end result is ordered features with sub-lithographic resolution. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Block copolymers are made up of least two chemically-distinct polymer chains which are covalently linked. When the respective blocks are immiscible, arrays of highly-ordered nanostructures can form. The final morphology depends on the relative volume fraction of each block, the total molecular weight (N) and degree of immisciblity, i.e. the Flory-Huggins polymer-polymer interaction parameter, (χ). carrying out DSA, namely chemo-epitaxy and grapho-epitaxy. Chemo-epitaxy relies on chemically patterning a substrate, where typically one of the components of the pattern preferentially interacts with one of the blocks and drives the ordering during self assembly. Grapho-epitaxy uses surface topography, e.g. a printed resist, to guide self assembly. Polystyrene-block-poly(methyl methacrylate), or PS-b-PMMA, is the most widely studied system, where directed self assembly of PS lines with a pitch of ~24 nm half pitch has been demonstrated. [40] There is also a significant body of knowledge relating to optimisation of processing and integration in to manufacture.
Nonetheless, PS-b-PMMA has some limitations in its scalability and compatibility for future nodes of fabrication because; (a) it has a small Flory-Huggins polymer-polymer interaction parameter (χ = 0.04 [41] ) limiting the ultimate resolution and (b) annealing temperatures are significantly higher than the glass temperature (T g ) of typical positive tone photoresists. As a result, next generation materials that can achieve better resolutions are being actively studied. Recently, we have reported our investigations of a high χ BCP, polystyrene-b-poly(DL-lactide) (PS-b-PLA) (χ = 0.217), which overcomes some of these issues. The high χ parameter enables much smaller domain sizes. Our initial efforts involved identifying the interfacial interactions of PS-b-PLA with substrates that were modified with a series of crosslinked mattes of statistical copolymers of PS and PMMA. [42] Lamellae as small as 8 nm could be achieved. Graphoepitaxy based DSA was also carried out with this system, where no resist freezing step was required a polyhydroxystyrene based photoresist template. The reason for this was because the spin coating solvent for the BCP was a non-solvent for the photoresist and the annealing temperature required to induce order was below the T g of the photoresist. [43] While this system is promising, to achieve smaller feature sizes smaller than 8 nm may require the development of systems with even higher χ parameters. While there are a number of candidates that have been reported, [44] [45] [46] [47] the disadvantage of such systems is that the development cycle can be long. For example, neutral surfaces may need to be identified and annealing conditions developed. Another option is solvent vapour annealing, in which solvent vapour is used to swell one or both blocks in a BCP and under the correct conditions can tune domain sizes and transition a system from one morphology to another. [48] [49] [50] [51] [52] These morphological changes can then be kinetically trapped by flash removal of the solvent from the system. However, a disadvantage is that this extra step requires extra equipment and strict control over the experimental parameters to achieve reproducible results.
The aim of this paper is to determine if additives can tune the properties of existing BCPs, i.e. PS-b-PMMA Figure 1 a). Ionic liquids (ILs) were the initial class of additives that were chosen. ILs are low melting point salts which generally consist of a large organic cation with low symmetry that is paired with an inorganic or organic polyatomic anion that is usually weakly basic and possesses a diffuse, or protected charge. [53] Ionic liquids are defined as salts with a melting point below 100 °C, but the majority of ionic liquids are liquid at or below room temperature. [54] The completely ionic composition of ILs endows them with a range of properties which makes them attractive candidates for both the replacement of many traditional organic solvents and as useful materials in a variety of applications. These properties include: non-flammibility, high chemical and thermal stability, high conducitvity, neglegible vapour pressure and relatively low toxicity compared to many other common organic solvents. [55, 56] In terms of use as an additive for BCP formulations the negligible vapour pressure, tunable solvent strength, chemical stability and thermal stability make ILs an attractive option. In this study we blend 1-ethyl-3-methylimidazolium 
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Polymer Materials and Characterization.
PS-b-PMMA block copolymers were purchased from Polymer Source Inc. and used without further purification. The dispersity of each block copolymer was assessed by GPC, and found to be ≤ 1.18. The PS-b-PMMA block copolymers are designated PS-b-PMMA (X-Y), where X and Y denote the number averaged molecular weights (M n ) in Da of the PS and PMMA blocks, respectively. The total M n , dispersity (Đ), volume fraction of polystyrene (ƒ PS ) and degree of polymerization (N) are given in Table 1 . [57, 58] Prior to use, the [emim][NTf 2 ] was further purified by stirring under high vacuum for several hours at 60 °C and subsequently stored under vacuum in a desiccator to avoid water absorption.
Silicon Wafer Surface Cleaning.
Silicon wafers were treated with an O 2 plasma generated in a reactive ion etcher, with a gas flow rate of 50 sccm, a chamber pressure of 50 mTorr, a power of 150 W and an exposure time of 60 s. Following plasma etching, each wafer was soaked in methanol for 3 minutes, acetone for 3 minutes and finally in deionized water for 3 minutes. The wafers were subsequently dried in an oven for 10 minutes at 100 °C and then stored in a class P10000 clean room prior to use.
Preparation of PS-r-PMMA Underlayers on Silicon Wafers.
Statistical copolymers of polystyrene, poly(methyl methacrylate), and poly(glycidyl methacrylate) (PS-stat-PMMA-stat-PGMA) were prepared, spin coated onto silicon wafers, exposed to UV radiation and annealed on a hot plate as reported by Keen et al., [42] with the exception that the statistical copolymers were spin coated from solutions of propylene glycol monomethyl ether acetate (PGMEA) instead of anisole. All films had thicknesses between 10-20 nm as determined via ellipsometry. The characteristics of the five statistical copolymers used to produce the underlayers are detailed in Table  2 . All copolymers had 5 mole % of PGMA. 
Preparation of PS-b-PMMA/EMIM Tf 2 N Bulk and Thin Films.
Thin films of PS-b-PMMA/EMIM Tf 2 N were spin coated from PGMEA solutions onto a series of wafers coated with different underlayers. The desired thickness of the films studied was either 0.5 or 1 long periods, L 0 , of the block copolymer being used, which was achieved by modifying the concentration of the block copolymer solutions and by adjusting the spin speed of the spin coater. Bulk films were prepared by solution casting onto Kapton films. Samples were annealed at 220 °C on a hotplate for 300 s, and where specified for a further 16 h at 200 °C under a nitrogen atmosphere.
Morphology Characterization of Bulk Films via SAXS.
The morphology of the block copolymer/ionic liquid composite was determined using small angle X-ray scattering (SAXS) on the Australian Synchrotron SAXS/WAXS beamline. The beamline was configured with an X-ray wavelength of λ = 1.512 Å and focused to a 235 µm horizontal × 140 µm vertical spot. Two dimensional scattering patterns were recorded on a Dectris -Pilatus 1M detector with an active area of 169 × 179 mm and a sample to detector distance of 3412 mm. The scattering patterns were then azimuthally integrated to give one-dimensional scattering data as intensity (I) vs wave vector (q = 4π sin(θ/2)/λ), where θ is the scattering angle (calibrated with silver behenate) and λ is the X-ray wavelength. Each scattering profile was also corrected for detector null signal, dark current and empty cell scattering using scatterBrain Analysis version 1.73 before morphological assignment.
Morphology Characterisation of Thin in Films by Grazing incidence small-angle X-ray scattering.
The morphology of each block copolymer/ionic liquid composite was determined using grazing incidence small angle Xray scattering (SAXS) on the Australian Synchrotron SAXS/WAXS beamline. The beamline was configured with a photon energy of 12 keV, an X-ray wavelength of λ = 1.512 Å and focused to a 235 µm horizontal × 140 µm vertical spot. Two dimensional scattering patterns were recorded on a Dectris -Pilatus 1M detector with an active area of 169 × 179 mm and a sample to detector distance of 3431 mm. The scattering patterns were then azimuthally integrated to give one-dimensional scattering data as intensity (I) vs wave vector (q = 4π sin(θ/2)/λ), where θ is the scattering angle (calibrated with silver behenate) and λ is the X-ray wavelength. Each scattering profile was also corrected for detector null signal, dark current and bare silicon wafer scattering using scatterBrain Analysis version 1.73 before morphological assignment.
Scanning Electron Microscopy.
The morphologies of selected films were analyzed using a JEOL JSM-7800F scanning electron microscope (SEM). Films were mounted onto appropriate stubs using carbon tape, and stored in a vacuum oven at 50 °C overnight prior to analysis. In a typical setup, SEM micrographs were collected with a working distance of 2.7 mm while operating at 1 kV.
RESULTS AND DISCUSSION
Investigation of the effect of blended IL on the bulk morphology of PS-b-PMMA
The phase morphology of blends of PS-b-PMMA with varying amounts of the IL were studied using Synchrotron based SAXS. Figure 3a shows the SAXS profiles of PS-b-PMMA (10k-b-10k) with 0% and 5% of IL. The sample with 0% IL exhibited a disordered morphology. This was expected because χN for this system was approximately 8 at room temperature, which is below the minimum value of 10.5 that is predicted achieve phase separation of lamellae by mean field theory. [59] On the other hand, the sample with 5% IL, had a SAXS profile that was characteristic of a lamellar morphology, having Bragg peaks at 2 and 3 times q*. This indicated that for this particular formulation the ionic liquid was increasing the effective χ parameter by at least 31%. This was attributed to the IL being a good solvent for the PMMA chains and a poor solvent for the PS chains in the block copolymer, which decreases the miscibility of the PMMA and PS and increases the effective χ parameter. A similar effect has been observed for more conventional solvents that partition preferentially into one block, where it is possible to 'freeze' a morphology by flash annealing the system to evaporate the solvent. An advantage of blends of block copolymers with ILs is that the ILs do not evaporate under typical processing conditions used in directed self assembly, so do not require specialized vapor annealing chambers and precise amounts of the IL can be added during formulation of the BCP solutions. For example, the blends of PS-b-PMMA and emim NTf 2 could be annealed to 220 °C and the SAXS profile measured at that temperature remained unchanged. Perhaps the most distinct advantage is that by being able to achieve phase separation for systems that would usually be disordered, it should be possible to overcome the ~24 nm resolution limit of PS-b-PMMA. For example, the long period (pitch) of the PS-b-PMMA (10k-b-10k) with 5% IL was 20 nm. Further studies on systems with smaller block lengths is currently ongoing in our labs. Figure 3b shows a series of SAXS profiles, focusing on q*, for PS-b-PMMA (38k-b-37k) blended IL at concentrations varying from 0-12%. It can be seen that q* shifts to smaller q with increasing IL content. This indicates that the lamellar spacing was increasing as a function of IL content. This is quantified in Figure 3c , which shows that the long period of the lamellar morphology was approximately 39 nm for the neat BCP and this could be tuned up to 50.6 nm (~30%) by blending up to 12 % ionic liquid. In this case the long period could be incremented by about 0.9 nm per percent of IL in the system. This change in spacing could be attributed to swelling of the PMMA domain with increasing amounts of IL. Importantly for DSA applications, this demonstrates that the pitch of a given BCP can be tuned by simply incorporating an IL into the formulation. For example, a specific advantage may be that a BCP of a given molecular weight could be tuned such that it can be used for a wider range of pitches, perhaps reducing the need for extensive libraries of BCPs to cater to different pitch requirements. Figure 3d shows the SAXS profiles of PS-b-PMMA (38k-b-37k) with 0% and 17% IL. The sample with no IL exhibits the characteristic profile for a lamellar morphology, whereas, the sample with 17% IL exhibits a hexagonal (cylindrical) morphology. This demonstrates that the morphology can transition when a sufficient volume fraction of IL is added, which may also be useful for some applications of DSA.
Investigation of the effect of blended IL on the thin film morphology and interfacial properties of PS-b-PMMA
It is well known that that the balance of interactions that each block has with the substrate and air interface can have a significant effect on the orientation of domains in thin films. For example, if the substrate preferentially interacts with q (Al one of the blocks, then for a BCP that has a lamellar morphology the domains can orient parallel to the substrate. On the other hand, if substrate has non-preferential interactions with both blocks then the domains orient perpendicular to the substrate. A concern when blending an additive, such as an IL, into the BCP is that the surface energetics may change drastically, meaning that new compositions for 'neutral' underlayers may need to be identified. To determine whether blending of IL has an effect, PS-b-PMMA (38k-b-37k) with 20% IL was spin coated onto underlayers comprised of statistical copolymers of PS and PMMA that had PS compositions ranging from 52-75%. From our previous studies for this particular type of underlayer, this range encompassed the neutral window for PS-b-PMMA. [60] Figure 3 (Figure 3a) , dewetting of the film was observed, which was attributed to the surface having poor interactions with both blocks. For the underlayer with 65% PS a relatively featureless film was observed, apart from some particulate contaminants. Finally, for the 62% underlayer a number of raised features were observed, which were characteristic of one block preferentially interacting with the substrate in a film that had a thickness that was incommensurate with the long period of the block copolymer. [61, 62] Qualitative analysis of these images suggested that the 65% PS may be a neutral surface for the PS-b-PMMA (38k-b-37k) with 20% IL. To investigate the morphology of the thin film further the PS-b-PMMA (38k-b-37k) with 20% IL on the 65% PS underlayer was analyzed using grazing incidence small angle X-ray scattering and a 2D scattering profile is shown in Figure 4a . In the profile, 2 nd and 3 rd order Bragg peaks are evident at integer multiples of q*. These peaks are more evident in the sector average shown in Figure 4b . This result confirms that the lamellae are oriented perpendicular to the substrate and that the 65% PS under layer can act as a neutral layer to blends of IL with PS-b-PMMA Having identified neutral surfaces for the blends of IL with BCP, experiments to demonstrate the tunability of the pitch and morphology in the thin film were conducted. Figure 6a shows high resolution SEM images of PS-b-PMMA (38k-b-37k) with 0% (left) and 25% (right) IL. In both cases a fingerprint pattern could be observered that was characteristic of lamellae oriented perpendicular to the substrate. It could also be seen that the samples with 0% IL had a number of cylinder-like defects, but these are not evident in the sample formulated with 25% IL. This indicates that defectivity may be lower for IL containing systems, although more systematic analysis is required to prove this. The insets of the SEM images show fast Fourier transforms (FFTs) that were calculated from the SEM images, which allowed the long period to be estimated. The sample with 0% IL had a peak at 39 nm, while sample formulated with 25% ionic liquid had a peak at 45 nm, confirming that the pitch of the lamellae could be tuned by introducing IL into the BCP formulation. However, the increase observed was significantly less than for the bulk films (Figure 2) , i.e. a 6 nm change in the long period corresponds to a bulk sample with approximately 5.5 % IL. In addition, it would be expected that for a blend with 25% IL, the morphology should transition to a cylindrical/hexagonal morphology. One possible explanation for this difference is that the ionic liquid is partitioning into the underlayer, which is a statistical copolymer of styrene and methyl methacrylate. Partitioning of ionic liquid into the underlayer may also explain why the same underlayer acts as a neutral layer for formulations with 0% and 25% IL. Finally we sought to determine if thethin film morphology of a BCP could be transformed by addition of IL. Figure 6b shows the high resolution SEMs of PS-b-PMMA (96k-b-36k) thin films with 0% and 25%. In the absence of IL a cylindrical/hexagonal morphology could be observed, while the formulation with 25% IL has transitioned to a lamellar morphology. The FFTs shown as insets confirm this.
CONCLUSIONS,,
This study has investigated the changes that occur to the bulk and thin film morphology of PS-b-PMMA when it is blended with varying amounts of an ionic liquid (IL), 1-ethyl-3-methylimidalzolium bis(trifluoromethanelsufonyl)amide (emim NTf 2 ). It was found that small amounts of IL could increase the effective parameter and could induce order for low molecular weight systems which undoped have χN values less than 10.5. In addition, it was demonstrated that in the bulk it was possible to tune the long period (pitch) of lamellae and transition from one morphology to another, simply by adding different amounts of IL. In terms of thin films containing 0-25% IL, it was demonstrated that lamella oriented perpendicular to the substrate could be obtained using the same underlayer, i.e. a neutral underlayer optimized for PS-b-PMMA with no added IL. Finally, it was demonstrated that tuning of the long period and transitioning of morphologies could also be achieved in thin films. The favorable physical properties of ionic liquids, which include negligible vapour pressure and excelllent thermal stability mean that they can be formulated with BCPs in solution, spin coated and undergo high temperature annealing steps. This can all be achieved without conducting additional processing steps and does not require new equipment, which makes the appoach outlined in this study amenable to integration into current preproduction processing steps that have been developed by the industry.
